Abstract: Foaming agents, despite holding potential in steam injection technology for heavy oil recovery, are still poorly investigated. In this work, we analyzed the performance of the foaming agent NPL-10 in terms of foam height and half-life under various conditions of temperature, pH, salinity, and oil content by orthogonal experiments. The best conditions of use for NPL-10 among those tested are T=220 o C, pH 7, salinity 10000 mg·L . Thermal decomposition of NPL-10 was also studied by thermogravimetric and differential thermal analyses. NPL-10 decomposes above 220°C, and decomposition is a two-step process. The kinetic triplet (activation energy, kinetic function and pre-exponential factor) and the corresponding rate law were calculated for each step. Steps 1 and 2 follow kinetics of different order (n = 2 and ½, respectively). These findings provide some criteria for the selection of foaming agents for oil recovery by steam injection.
Introduction 1
The extraction of heavy crude oil from reservoirs is usually carried out by steam injection. There are several forms of the technology, with the major ones being steam stimulation, steam flooding, and steam-assisted gravity drainage [1, 2] . The main challenge in the use of steam for heavy oil recovery is steam channeling, i.e., the ability to make steam flow in a single direction (from the injector to the extractor) in such a way as to maximize the extraction yield. Another problem posed by steam injection is that steam can seriously damage the underground well structure. This phenomenon can endanger the lives of workers while resulting into thermal dispersion and poor mining effect [3] [4] [5] . Heavy oil reservoirs in China are quite heterogeneous in terms of layer permeability, thus requiring highly different conditions for optimal steam channeling [4, 5] . Foams can improve steam channeling and enhance oil recovery by reducing the surface tension and viscosity of fluids [6] [7] [8] [9] . However, the use of foaming agents in heavy oil recovery is still limited due to the small number of studies on the behavior of such agents at high temperature and salinity, which prevents the selection of the most appropriate agent.
In this work, we analyzed the performance of a high temperature foaming agent (NPL-10) in terms of foam height and half-life in order to establish the optimal conditions of its use. The thermal decomposition process of NPL-10 was analyzed by thermogravimetric and differential thermal analyses, and the kinetics of nonisothermal decomposition was studied to quantify the effect of temperature on decomposition rate.
Experimental 2 Chemicals

2.1
Test solutions for orthogonal experiments were prepared using deionized water. Three solutions with different total concentrations (5000, 10000 and 15000 mg·L −1 ) were used. Solutions had the following composition: 5000 mg·L . Concentrations of other ions were simulated by a water preparation and salinity calculation software. Heavy oil was collected from Du-66 block area of Liaohe Oilfield and dehydrated before use. Foaming agent NPL-10 (longchain alpha olefin sulfonate) was prepared according to literature [10, 11] , and had purity >97%.
Methods
2.2
Reactions were performed in a high temperature, high pressure reaction kettle WYF-1 supplied by Haian Jiangsu oil factory. Foamability and foam stability were determined by a 2151 Roche foam instrument (standard form) using a customized GB/T 7462-94 Ross-Miles method. Thermogravimetric and differential thermal analyses were carried out by a thermal analyzer DuPont 2100 (Perkin Elmer, USA) under nitrogen.
Ethical approval: This research is not related to human or animal use.
Results and discussion 3
Performance analysis of NPL-10 3.1
We studied the effect of four factors (temperature, salinity, pH, and oil content) on the foam height and half-life of NPL-10 by orthogonal experiments [12] [13] [14] . The height and half-life of NPL-10 foam were measured under various combinations of T (220, 260, and 300°C), pH (5, 7, and 9) , salinity (5000, 10000, and 15000 mg·L −1 ) and oil content (0, 5, and 10 g·L −1 ; Table 1 ). The sensitivity of foam height and half-life to each factor was examined by a trend chart (Figure 1) . Results showed that foam height and half-life depend on temperature (A), pH (B), salinity (C) and oil content (D) to a different extent (Figure 1 ). At 220°C, the order of factors observed for foam height is A>B>C>D; in other words, foam height mainly depends on temperature. Foam height decreases sharply on increasing temperature, and the most marked decrease is observed when temperature rises from 260°C to 300°C. Conversely, an K1, K2, K3 are the sum of the level 1, 2, and 3 data on the corresponding factors, respectively. k1, k2, k3 are the comprehensive average of 1, 2, and 3 level data, respectively.
increase in the other factors (pH, salinity and oil content) has almost no effect on foam height. The order of factors observed for foam half-life at 220°C is A>D>C>B. The most important factor for foam half-life is still temperature, but the second one is the oil content, not pH. Analogously to foam height, foam halflife decreases significantly on increasing temperature but is not significantly influenced by other factors.
Thermal decomposition of NPL-10 3.2
After determining the best conditions of use for NPL-10, we studied its thermal decomposition process by non-isothermal thermogravimetric analysis (TGA) and differential thermal analysis (DTA) [15] [16] [17] [18] .
Non-isothermal thermogravimetric analysis (TGA) 3.2.1 and differential thermal analysis (DTA)
Non-isothermal thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were carried out at three different heating rates (5, 15, and 20 K·min −1 ). TGA indicated that, regardless of heating rate, NPL-10 starts decomposing at about 250°C, and decomposition is complete at about 500°C (Figure 2 ). DTA highlighted that thermal decomposition is a two-step process: the first decomposition step occurs at 200-300°C, with a mass loss of 4-26%; the second step occurs at 300-400°C, with 15-59% mass loss ( Figure 3 ). Both steps are endothermic. Furthermore, both the rate of mass loss and the peak temperature of thermal decomposition gradually increase on increasing the heating rate.
Kinetics of thermal decomposition reaction 3.2.2
The thermal decomposition rate can be expressed by Eq. (1) as a function of two independent variables: the transformation rate α and temperature T [19] : 6 differential thermal analysis (DTA) [15] [16] [17] [18] .
Non-isothermal thermogravimetric analysis (TGA) and differential thermal analysis (DTA)
Non-isothermal thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were carried out at three different heating rates (5, 15, and 20 K·min 1 ). TGA indicated that, regardless of heating rate, NPL-10 starts decomposing at about 250°C, and decomposition is complete at about 500°C ( Figure 2 ). DTA highlighted that thermal decomposition is a two-step process: the first decomposition step occurs at 200-300°C, with a mass loss of 4-26%; the second step occurs at 300-400°C, with 15-59% mass loss ( Figure 3 ). Both steps are endothermic.
Furthermore, both the rate of mass loss and the peak temperature of thermal decomposition gradually increase on increasing the heating rate.
Kinetics of thermal decomposition reaction
The thermal decomposition rate can be expressed by Eq.
(1) as a function of two independent variables: the transformation rate α and temperature T [19] :
where T (K) is the absolute temperature of sample,  (%) is the decomposition rate, and k is the rate constant for the decomposition reaction. The heating rate β is constant in GTA and DTA, and is expressed by Eq. (2):
The rate constant k depends on temperature T according to the Arrhenius equation
( 1) where T (K) is the absolute temperature of sample, α (%) is the decomposition rate, and k is the rate constant for the decomposition reaction. The heating rate β is constant in GTA and DTA, and is expressed by Eq. (2):
The rate constant k depends on temperature T according to the Arrhenius equation [20] :
where A is the pre-exponential factor (s 1 ), E a is the activation energy (J·mol -1 ), and R is the gas constant (8.314 J·mol -1 ·K -1 ).
Combining Eqs. (1), (2) and (3) provides Eq. (4), which is the rate law for th decomposition reaction:
We calculated the kinetic triplet (the activation energy E ɑ , the pre-exponential facto (3) where A is the pre-exponential factor (s −1
), E a is the activation energy (J·mol ). Combining Eqs. (1), (2) and (3) provides Eq. (4), which is the rate law for the decomposition reaction:
Combining Eqs. (1), (2) and (3) provides Eq. (4), which is the rate law for the decomposition reaction:
We calculated the kinetic triplet (the activation energy E ɑ , the pre-exponential factor A, and the mechanism function g()) for both steps of NPL-10 decomposition process.
(4) 
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We calculated the kinetic triplet (the activation energy E ɑ , the pre-exponential factor A, and the mechanism function g(α)) for both steps of NPL-10 decomposition process. The activation energy E α was obtained by Eq. (5) using KAS iterative method:
The activation energy E α was obtained by Eq. (5) using KAS iterative method: 
and RT E x a 
KAS iterative method is divided into three steps: ① Assume h(x)=1 to estimate the initial activation energy E 1 for given  and g() values by Eq. (5). ② Bring E 1 and the corresponding T into Eq. (7), then use the calculated x value to derive h(x) by Eq. (6); enter x and h(x) values into Eq. (5), and use the linear regression of ln[β/h(x)T 2 ] vs 1/T to calculate the line slope (E 2 /R) and hence E 2 . ③ Repeat step ② by replacing E 1 by
The activation energy E ɑ was calculated for  = 0.2-0.8 at 0.05-unit intervals (Table 2) . A plot of the activation energy E ɑ as a function of α for steps 1 and 2
where:
and
KAS iterative method is divided into three steps: ① Assume h(x)=1 to estimate the initial activation energy E 1 for given  and g() values by Eq. (5). ② Bring E 1 and the corresponding T into Eq. (7), then use the calculated x value to derive h(x) by Eq. (6); enter x and h(x) values into Eq. (5), and use the linear regression of ln[β/h(x)T 2 ] vs 1/T to calculate the line slope (E 2 /R) and hence E 2 . ③ Repeat step ② by replacing E 1 by E 2 . When | E i -E i1 |＜0.01 kJ·mol -1 , E i can be considered a real value.
KAS iterative method is divided into three steps: ① Assume h(x)=1 to estimate the initial activation energy E 1 for given β and g(α) values by Eq. (5). ② Bring E 1 and the corresponding T into Eq. (7), then use the calculated x value to derive h(x) by Eq. (6); enter x and h(x) values into Eq. (5), and use the linear regression of ln[β/h(x)T 2 ] vs 1/T to calculate the line slope (−E 2 /R) and hence E 2 . ③ Repeat step ② by replacing E 1 by E 2 . When | E i -E i−1 |<0.01 kJ·mol -1 , E i can be considered a real value.
The activation energy E ɑ was calculated for α = 0.2-0.8 at 0.05-unit intervals (Table 2) . A plot of the activation energy E ɑ as a function of α for steps 1 and 2 (Figure 4) shows two curves of different shape, indicating that decomposition follows a different mechanism in steps 1 and 2. The non-linearity of curves suggests a complex mechanism for both steps.
To determine the most probable kinetic function g(α) for the thermal decomposition of NPL-10, we performed the linear regression analysis of 41 kinetic functions (Table 3 ) [18] . Eq. (5) was modified into Eq. (6): 8 ( Figure 4) shows two curves of different shape, indicating that decomposition fol a different mechanism in steps 1 and 2. The non-linearity of curves sugge complex mechanism for both steps.
To determine the most probable kinetic function g() for the the decomposition of NPL-10, we performed the linear regression analysis of 41 ki functions (Table 3 ) [18] . Eq. (5) was modified into Eq. (6):
Linear regression analysis did not provide a straight line for four functions, namel ( ( Table 3 , entry 31). These results indicate that the two steps of the decomposition follow a different order of reaction (n=2 for step 1 and n=1/2 for 2).
Pre-exponential factors A were calculated by entering E a values (Table 2) g() values ( 
where
Linear regression analysis did not provide a straight line for four functions, namely 21 (dependent on pressure in addition to temperature), 25 (law of Mampel Power), 39 and 40 (both functions of index law). The kinetic functions with the slope closest to −1 and best R 2 values were g(α)= 1−(1−α) 2 (Table 3 , entry 33) for step 1 and g(α)= α 1/2 for step 2 of thermal decomposition (Table 3 , entry 31). These results indicate that the two steps of thermal decomposition follow a different order of reaction (n=2 for step 1 and n=1/2 for step 2).
Pre-exponential factors A were calculated by entering E a values (Table 2 ) and g(α) values (Table 3) . Calculation of E a , g(α), and A allowed to derive the rate law of the decomposition process. The rate law for the first step of thermal decomposition is:
8 (Figure 4) shows two curves of different shape, indicating that decompositio a different mechanism in steps 1 and 2. The non-linearity of curves su complex mechanism for both steps.
To determine the most probable kinetic function g() for the decomposition of NPL-10, we performed the linear regression analysis of 4 functions ( Table 3 ) [18] . Eq. (5) was modified into Eq. (6):
Linear regression analysis did not provide a straight line for four functions, n ( ( Table 3 , entry 31). These results indicate that the two steps of decomposition follow a different order of reaction (n=2 for step 1 and n=1/ 2). ; the rate law for the second step is:
8 ( Figure 4) shows two curves of different shape, indicating that decomposition follows a different mechanism in steps 1 and 2. The non-linearity of curves suggests a complex mechanism for both steps.
To determine the most probable kinetic function g() for the thermal decomposition of NPL-10, we performed the linear regression analysis of 41 kinetic functions (Table 3 ) [18] . Eq. (5) was modified into Eq. (6):
Linear regression analysis did not provide a straight line for four functions, namely 21 ( ( Table 3 , entry 31). These results indicate that the two steps of thermal decomposition follow a different order of reaction (n=2 for step 1 and n=1/2 for step 2).
Pre-exponential factors A were calculated by entering E a values (Table 2) and 
the rate law for the second step is: 
Conclusions 4
(a) The optimal conditions (in terms of both foam height and half-life) for the use of foaming agent NPL-10 in heavy oil recovery by steam injection are the following:
T=220°C, pH 7, 10000 mg·L −1 salinity, and 10 g·L −1 oil content; (b) NPL-10 starts decomposing above 220°C; (c) Decomposition of NPL-10 occurs in two steps that follow a different kinetic law, with the rate of the first step being more sensitive to temperature than the rate of the second step.
The derived kinetic model provides a guidance for the selection of the optimal quantity of NPL-10 in heavy oil recovery by steam injection. University of China.
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